ABSTRACT In this paper, we develop novel precoder and combiner schemes for multi-user hybrid digitalto-analog (D-A) beamforming for uplink massive multiple-input multiple-output millimeter wave (mmWave) systems, where the number of radio frequency chains is much smaller than the number of antennas each transceiver is equipped with. Industry 4.0 targets to accelerate the digitalization of manufacturing processes by allocating fixed and mobile robotics which use wireless communication. Such development requires high data throughput for which the utilization of short distance wireless communication such as mm-Wave system is crucially required. Based on our measurements, the probability of mm-Wave propagation waves to be reflected and refracted from metallic surfaces are shown to be significantly high. Consequently, uplink transmissions from different users such as robotics, machines, and sensors can go through paths sharing the same physical scatters, some transmission paths of different users may have overlapped angle of arrivals (AoAs) at the base station. Under such circumstance, the correlation between the channel vectors also increases considerably, which affects the achievable uplink rate severely. Therefore, the intrinsic focus is on substantially maximizing the desired signal while reducing the system interference. The proposed analog precoders and combiners are designed by using the power iteration and the Riemannian optimization method based on Stiefel manifold algorithms, respectively. The proposed digital combiner adapts the minimum mean-square error by judiciously exploiting the effective uplink analog channel gains. Furthermore, the channel estimation is investigated through a newly designed two-step procedure. In each scattering point, there is the strongest power point which is detected and then used to improve the accuracy by employing an angular domain scheme. The impact of this paper will be the boosting of the achievable uplink rate in industrial environments.
I. INTRODUCTION
The prevalence of increasing numbers of wireless smart devices has generated a continuing demand for an increase of reliable wireless data throughput. One solution for substantially increasing the data throughput in the future wireless communications is to combine millimetre-wave
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(mm-Wave) bands (frequency ranges from 6 GHz to 300 GHz) [1] - [3] with massive multiple-input multipleoutput (MIMO) [4] - [6] . Fundamentally, in MIMO systems, the number of radio frequency (RF) chains is equal to the number of antennas, so the highest performance gain is achieved by using a fully digital precoder scheme. However, the associated large number of RF chains will have extremely high power consumption, and the hardware complexity will also increase dramatically [2] , [6] - [8] . Therefore, a hybrid digital-to-analog (D-A) precoding and combining system has been proposed to balance the achievable rate, power consumption, and the implementation complexity [7] - [12] . Fundamentally, the hybrid D-A structure consists of a small-number of RF chains, called the digital part, and a large-number of antennas, called the analog part. Hence, the optimal hybrid D-A precoding and combining design is an intractable non-convex constant modulus constraint optimization problem [7] - [12] .
It has been demonstrated in recent research that the rough surfaces of buildings and the rifts between small buildings can cause diffused scattering in mm-Wave channels [1] - [3] . In urban areas (i.e., factories, shopping malls, stadiums, smart city centers), the number of unforeseen scatters increases considerably so that mm-Wave signal channels may not have isolated angles of arrivals (AoAs) at the base station (BS). Measurements to study the AoAs of the propagation signals [13] in Daejeon City, Korea, showed that the propagation paths of multiple users were observed to pass through the non-negligible common scatterers, thus the arrived signals tended to overlap at the BS.
To understand the implications of an industrial environment on a mm-Wave communication channel, we have performed channel measurements in the industrial setting of the Warwick Manufacturing Group (WMG) Engineering Workshop. The WMG workshop has a large number of metallic surfaces machines, and fixed robotics. A typical resulting power delay profile will show the existence of common scatters and overlapped AoAs in mm-Wave channels where industrial scenarios are considered. This affects the achievable uplink rate of hybrid beamforming for massive MIMO mm-Wave systems.
A. RELATED WORK
For the multi-user scenario, various hybrid D-A precoding and combining schemes have been proposed [9] - [12] . For instance, a hybrid D-A system was designed by considering the weighted sum mean square error (WSMSE) based on the theory of compressed sensing in [9] . To reduce the number of RF chains, the precoder and combiner problem are proposed to split into two stages [10] . In stage one, a beamsteering based algorithm was proposed for the analog part and in stage two, a zero-forcing (ZF) solution was developed for the digital part [10] . Though simple, such a system sacrifices the achievable rate when a realistic multipath channel is applied to it. To resolve this issue, maximum ratio combining (MRC) was proposed to design the analog precoding and then ZF was applied for the digital precoding [11] . However, MRC [11] did not consider the effects of large interference in the system which consequently reduces the achievable rate. In [12] , the analog precoding was designed by using the extended version of the conventional orthogonal matching pursuit (OMP) and the digital precoding was designed based on minimum mean-square error (MMSE). The elements of analog precoding and combining matrices were selected from a pre-defined dictionary which depends on AoAs and angles of departures (AoDs) [12] . However, in massive MIMO mm-Wave systems with high user density, there is a noticeable achievable rate gap between the hybrid D-A based on OMP and the fully digital system [12] . According to [14] the AoAs and AoDs of the paths in the mm-Wave channel can be grouped in several separated spatial lobes where in each different group they are sufficiently separable, whereas the AoAs and the AoDs of the paths in one spatial lobe are relatively close. Based on this, authors in [15] , [16] exploited this sparseness property in the angular domain to divide the mm-Wave channel approximately orthogonally, which has been used to reduce the complexity of the hybrid precoding and improve the system performance.
The majority of contributions in the literature [9] - [12] , [14] - [16] have assumed that the propagation paths corresponding to different users have independent channel vectors which results in non-overlapping AoAs at the BS. From the previous two different measurements, there is a high probability that some propagation paths of multiple users 1 will share some common scatterers in dense urban areas [13] , [17] , therefore these different propagation paths will have the same AoAs at the BS which generate a severe interference in the system. Undoubtedly, with the hybrid D-A massive MIMO mm-Wave system, this type of interference cannot be eliminated by the digital processing domain only, which is restricted to fewer RF chains. In this case, if the existing precoders and combiners [9] - [12] are applied directly, it will induce significant achievable rate loss in the hybrid D-A massive MIMO mm-Wave systems. Hence, it is of paramount importance that such system should be designed carefully.
In [17] the authors developed an algorithm to handle the interference due to signals with overlapped AoAs at the BS. Initially the Gram-Schmidt (GS) algorithm is formed for the analog part and then the MMSE scheme is applied at the digital part. However, in GS, the vector is updated iteratively and finally these vectors do not completely eradicate the interference at the analog stage. As a result, this incurs in a large performance gap away from the fully digital system. Authors in [18] have proposed iterative hybrid precoding based on OMP algorithm and have discussed the interference of overlapped AoAs based on the assumption that the hybrid precoding and combining already existed as codebook tables. The idea in [18] is to divide the codebook tables into a precoder table and combiner table. And then use the OMP algorithm to search between the codebooks for the precoder and combiner pair that can provide a maximum gain. This step basically depends on an exhaustive search method, after which the pair that achieves maximum gain is removed from the codebook table to avoid an extra-interference. This idea functions well when the correlation between the table pairs is low, and when a small number of codebooks exist in order to search and respond quickly enough. However, in industry 4.0 measurements, the number of mm-Wave prop-agation waves that are reflected and refracted from metallic surfaces are shown to be significantly high which consequently increases the correlation between users. In addition, the algorithms developed in [9] - [12] , [17] are only applicable for multiple-input single-output (MISO) systems, where each user is equipped with a single antenna.
Channel estimation for hybrid D-A massive MIMO mm-Wave systems is crucial. The main challenges arise from the digital part estimator being positioned behind the analog part. This only provides the digital part with access to the effective analog channel gains with lower dimensionality. This limitation motivated researchers to develop new channel estimation algorithms. A promising scheme based on compressed sensing theory [19] was proposed, which relies heavily on the sparsity property of the mm-Wave channels. However, this algorithm is not feasible when there is considerable scattering in mm-Wave channels. To overcome the previous drawbacks, a Hierarchical Beamforming Training algorithm (HBT) was designed in [20] recently. To estimate the channel angles, HBT begins with dividing the full estimated angle spaces, number of sectors, and number of antennas into hierarchical levels. The main constraint is that the number of estimated angles and sectors must double that of the corresponding number of antennas at each level. As the number of sectors increases linearly, HBT suffers severely from the sectors' overlapped interference problem which also affects the accuracy of choosing the estimated angles.
B. CONTRIBUTION
The existing research has assumed the non-overlapped AoAs case, or that there are no precise beamformers designed to decrease the overlapped AoAs interference. However, our measurements in industrial environments will show that there are common scatters clustered, i.e., that there are overlapped AoA scenarios. Hence, the current estimation channel algorithms are neither practical in industrial scenarios with lots of scatters, nor do they estimate accurate angles due to overlapped sectors' interference. Therefore, the primary target of this paper is to maximize the desired channel gain while mitigating the interference that originates from the signals through some common scatters. To this end, a low dimension matrix based on combining all the precoders, channels, and combiners is formulated and called effective uplink analog channel gains. In this matrix, the diagonal elements represent the desired channel gains and the off-diagonal elements denote the interferences of the system. Finally, a method is proposed that can estimate the mm-Wave channels more accurately in the common scatters scenarios. The contributions of this paper are summarized as follows:
1) Channel sounding measurements focusing on the 28 GHz band in an existing modular factory will provide a detailed understanding of the typical behavior of mmWave signals in such an environment. This will support further description of practical statistical channel models, specifically for the industry vertical, needed by standardization bodies like 3GPP [21] due to the current known limitations in the existing mmWave models for indoor, outdoor and other vertical environments. Further, the channel sounding measurements at 28 GHz in a manufacturing setting display the scattering-rich characteristics of mm-Wave propagation in industrial environments.
2) The analog precoder is designed by utilizing a Power Iteration (PI) algorithm. This algorithm works by calculating the eigenvector that corresponds to the largest eigenvalue of a matrix. PI exploits the availability of the channel knowledge to the users in order to design the analog precoder. To satisfy the non-convex constant modulus constraint, the phases of the eigenvector are extracted that correspond to the largest eigenvalue which is optimally found by PI. Conceptually, this algorithm is similar to the optimal SVD operation, but avoids its high complexity especially for large matrices. Moreover, in this paper a modified version is proposed that avoids previous convergence problems. 3) The analog combiner at the BS needs to be maximizing the received power of the desired signal while suppressing the impacts of off-diagonal elements. This is achieved through using a Riemannian optimization method based on Stiefel manifold (ROSt) under orthogonal constraints. The non-convex constant modulus constraints are ignored in the first steps until the optimal solution is found, based on the cost function by using ROSt. In the final step, the analog combiner will extract the phase of the optimal solution in order to satisfy the constant modulus constraint. In contrast to [9] , [10] , [12] , our proposed approach aims to directly optimize the achievable uplink rate of the hybrid D-A massive MIMO mm-Wave system when optimizing the analog combiners. The other advantage of the proposed ROSt is that it removes the need for any pre-defined candidate set for the analog part (e.g. OMP). 4) In order to further improve the achievable uplink rate, the interference in the effective uplink analog channel gains is further reduced. The digital combiner will be designed jointly by exercising MMSE based on uplink analog channel gains. 5) We propose a two-step multi-user channel estimation scheme for mm-Wave channels. In the first step, the strongest power scatterer point in the scenario is detected, instead of estimating jointly all the combination of multiple paths and angles as in [20] . In the second step, a search method based on an angular domain is proposed which aims to search for the strongest points for all the paths. This step allows our proposed estimation method to avoid the drawback of lacking channel estimation accuracy, as in [20] where the accuracy suffered from the sectors' overlapped interference problem. Simulation results will show that the proposed PI and ROSt algorithms can outperform the existing algorithms [9] - [12] , [17] in terms of achievable uplink rate. Finally, the proposed estimation method attains a lower channel estimation error than HBT [20] . Notation: Bold uppercase letter X X X , and lowercase letter, x x x, denote matrices and vectors, respectively. The transpose and conjugate transpose of a matrix are denoted by (·) T and (·) H respectively. || · || F denotes Frobenius norm of a matrix, while || · || 1 and || · || 2 denote the 1-and 2-norm of a vector. The diagonal matrix is denoted as diag [·] , and f (X X X ) denotes the classical gradient of f seen as a function in an Euclidean space.
II. UPLINK MODEL
Consider a single cell uplink multi-user hybrid D-A massive MIMO mm-Wave system as illustrated in Fig. 1 . A BS is equipped with a large-scale antenna array of N r antennas and N RF RF chains, where each RF chain is connected to all N r antennas. It is assumed that the BS communicates with K users, each of which has N t antennas and one single RF chain. Therefore, each user can transmit one data stream at one time. It is assumed K ≤ N RF in the system. K users are allowed to share the same spectrum. Then, the received signal at the BS is given by
where the matrix H H H k ∈ C N r ×N t represents the uplink channel for the user k and s k is the transmitted data symbol of the user k. j j j RF k is the analog precoder which is implemented by analog components like phase shifters, i.e., an N t × 1 vector with constant modulus entries. n n n is the noise vector that follows n n n ∼ CN (0 0 0, σ 2 I I I N r ×1 ). It is assumed that the data symbols for users are independent and with unit power, i.e., E[s k s i ] = 0, k = i, and E[|s k | 2 ] = 1. For data-transmission, beamforming is implemented at the BS to decode the users' data streams. Specifically, at the BS, by using combining vector g g g k to decode user k's signal, we have
where 
A. CHANNEL MODEL
The mm-Wave channel can be portrayed with the popular multipath channel model [1] , [3] , [22] , in which a number of propagation paths are associated with a few scatterer points. To consolidate this phenomenon, in this paper the extended 3-dimensional (3D) Saleh-Valenzuela geometrystatistical model is adopted [22] . The channel of user k can be written as
where H H H km denotes the 3D mm-Wave channel from user k to the BS via cluster m. In general, when the signals hit an object (e.g., metallic surfaces, walls), this phenomenon will create l paths from a few physical scatters close to each other forming a cluster. Therefore, in such case where the number of scatters has a significantly large physical size, it is meaningful to contemplate the entire scatter as common scatters for different l paths and different users as shown in Fig. 2 . Extraordinarily, for shorter wavelengths, it is possible to have l paths from each scatter point. However, mm-Wave channel measurements [1] , [3] , [22] showed that most of these paths carry a very low power which can be ignored and the dominant power is concentrated merely on one or two paths, thus each scatter point produces one path in this work. Even though, it can be also observed from Fig. 2 
where ) in (4) represent the normalized receive and transmit array response vectors associated with AoA and AoD, where b ∈ {r , t} represents arrival at the receiver (r) or departure at the transmitter (t), is given by [7] , [8] 
where ∈ { , } are the values of and that are given by
where λ is the wavelength, and u x and u y are the inter-element distances in the x-axis and y-axis, respectively.
B. MM-WAVE CHANNEL MEASUREMENT IN INDUSTRIAL ENVIRONMENTS
In order to understand the implications of an industrial environment on a mm-Wave communication channel, we have performed channel measurements in the industrial setting of the WMG engineering workshop. This workshop is comparable to an industrial environment. As shown in the inset of Fig. 3 , the workshop has a large number of metallic surfaces, machines and fixed robotics for designing automotive components.
A directional horn antenna with a half-power beam width of 10 • was used as a transmitter on top of an eight meter high bridge overlooking the workshop floor. An omnidirectional antenna with an elevation half-power beam width of 20 • was used as a receiver, mounted on a mobile trolley, one meter above the workshop floor. The former ensured a powerful beam, enabling possible line-of-sight (LoS) signals with strengths far above the receiver's noise threshold, whereas the latter allowed for the detection of multipath components (MPCs) from any possible direction, due to reflections from the metallic industrial environment. For various locations of both transmitter and receiver, the antennas were manually boresight aligned before a channel measurement was started. Our channel sounding equipment used the pulse compression method of an R&S SMW200A Vector Signal Generator for the transmission of a frequency band limited signal with a carrier frequency of 28.5 GHz and an arbitrary modulated waveform with a clock frequency up to 2.4 GHz. An R&S FSW85 Signal and Spectrum Analyzer and an R&S RTO2044 Digital Oscilloscope were used for the processing of the received signals with a maximum sampling rate of 2.4 GHz. Further details on our channel sounding procedure can be found in our previous work [23] . A typical resulting power delay profile is displayed in Fig. 3 , with the received power spectral density (RPSD) versus the absolute time delay between transmitted and received signal converted into meters. The first observed signal is the LoS peak at 20 m, which is the transmitter-receiver distance for this particular measurement. The LoS signal is followed by several MPCs with reduced RPSD values, some common scatters are clustered together potentially due to reflections from the same larger object within the 70 × 30 m workshop area. When taking into account a noise detection threshold of −190 dBm/Hz, the last strong cluster of MPCs is visible at an absolute delay of 90 m, resulting in an overall root mean square delay spread of 100 ns. The experiment, described here, was conducted in order to show the existence of common scatters and overlapped AoAs in mm-Wave channels where industrial scenarios were considered. This phenomenon affects the achievable uplink performance rate of such systems.
C. CASES OF COMMON SCATTERS (OVERLAPPED AOA) ON THE PROPAGATION SIGNAL
It has been substantiated that in mm-Wave channels (short distance propagation), the rough surfaces of buildings, small building rifts, a large number of metallic surfaces, machines and fixed robots can cause diffused scattering, and considerable attenuation with decreasing wavelength [1] , [3] . Fig. 4 confirms that the wavelength λ has a great impact on increasing the correlation between the channels of different users. Fundamentally, for mm-Wave frequencies λ is small compared to λ for low frequencies, thus from Fig. 4 it can be seen that the correlation of the mm-Wave system is high, which affects the achievable uplink rate performance directly. Therefore, utilizing mm-Wave communications in a dense area (i.e., industries, shopping malls, stadiums, city centers) will cause multiple user paths to share the same scatters. For these scenarios, different cases need to be investigated in multi-user hybrid D-A massive MIMO mm-Wave systems. First, the extreme case, when all the paths of several users share the same common scatters which arrive with completely overlapped AoAs at the BS. Second, the most likely case, when some of the propagation paths are overlapped which are easily spotted when two users share some of the common scatters, i.e., there exist at least two paths l 1 ∈ L k 1 , l 2 ∈ L k 2 sharing the same common scatters points z 1 = z 2 . Third, the perfect case, when several users paths arrive with non-overlapped AoAs at the BS. Our main analysis in this section is stated in Lemma 1. (4)), and assuming an UPA structure, the array responses of different users propagated through common scatters then have the following result:
where
, and
. 
In the most influential case when the AoAs of two users completely share the same common scatters (
, the right hand side of (8) 
Importantly, this extreme case means that we cannot differentiate the signals from different users by constructing an array response since they share the same AoAs. Thus the key concept of beamforming in hybrid D-A massive MIMO for the mm-Wave system is not practically useful in the system any more. The resulting array response of this case is shown in Fig.5 (a) . Note that, in Fig. 5 , the system parameters are set as K = 2 and N r = 16, so there should be two main spatial beams along with their own side lobes. It can be observed from Fig. 5 (a) that it is impossible to distinguish between the two users' spatial beams, from the top view of the BS. Interestingly, in the most likely case where
, the right hand side of (8) is equal to
The array response in this case is shown in Fig. 5 (b) . It is seen from Fig. 5 (b) that a spatial beam with its own side lobes can be detected by the receiver in Fig. 3 (b) when either the zenith or azimuth AoAs do not share common scatters. For the last case where
, again we take the right hand side of (8) which gives 2 ), i.e., the users do not share any common scatterers, which allows them to align their beams in a specific direction. Lemma 1 shows that the multi-user hybrid D-A massive MIMO mm-Wave system can easily lose its effectiveness in applying the beamforming technique for transmission when the propagation signals (waves) of different users pass through common scatters.
In the existing proposed multiuser hybrid D-A massive MIMO [9] - [12] it is assumed that a large number of antennas is implemented, and the channel vector of a desired user will tend to be independent or more asymptotically orthogonal to the channel vector of a randomly selected interfering user. However, in industry environments as shown in Section II-B, when different users transmit through common scattering environments the channel vectors for different users are correlated, or not asymptotically orthogonal any more [24] . Intuitively, the correlation between the channel vectors of different users in a mm-Wave system defined in (9) , is a good method to measure the orthogonality of these channel vectors. The correlation i,k of the magnitude of the inner product between the channel vectors is defined as
To show its impact on the achievable uplink rate, a simulation result is formed between two users in Fig. 6 . The conventional algorithms iterative hybrid based on OMP [18] , GS [17] , OMP [12] and MRC [11] based on hybrid D-A massive MIMO mm-Wave systems is applied in this result at SNR=−10 dB. The channel parameters are set as 12 scatters, 4 clusters and L km = 3, also the BS is equipped with N RF = K = 2, N r = 128, and each user is built with N t = 16. Importantly, it is seen that all the algorithms lose their performance sharply when there is a high correlation between the channel vectors of the two users especially for correlations larger than −20 dB. In other words, most propagation paths of the measured users share most of the common scatters in the channel which arrive with highly overlapped AoAs at the BS. However, in a low correlation when the propagation paths do not share common scatters, all the algorithms achieve a similar and high achievable uplink rate. Therefore, theoretically there is one, low correlation region and one high correlation region. As our main goal in this paper is to maximize the achievable uplink rate in the common scattering environment, the high correlation region is our target when designing the precoders and combiners for the hybrid D-A system.
Our work contrasts the common assumption that a large number of antennas can always provide independent channel vectors regardless of the environment for multi-user hybrid D-A massive MIMO mm-Wave systems.
III. PROBLEM FORMULATION
For the industrial scenarios, multiple users transmit their signals through common scatters, resulting in interference at the BS due to overlapped AoAs is considered in this paper. This problem constitutes a challenge that exhausts the achievable uplink rate of multi-user hybrid D-A massive MIMO mm-Wave systems.
To mitigate the risk of this problem, previously a null space method solution has been proposed in [25] , principally based on capturing the desired user paths from the interfering paths while requiring the fully digital system. The role of this solution is based on the assumption that the orthogonal signal subspaces can be derived from the covariance matrix R R R, where R R R is obtained separately from the desired and interference channels. This provides the ability to abstract the desired signal from the interfering signals by making all the paths from different users fall into the null space of its covariance matrix. Consequently, an ideal case is assumed that, the possibility of different propagation paths to have overlapped AoAs at the BS is almost zero. This result is rooted in the law of the fully digital system, because such a solution needs to be spatially applied in the system which requires that the number of RF chains equals the number of antennas. However, this method is impossible to be directly applied to hybrid D-A massive MIMO mm-Wave systems, as fewer RF chains are utilized in the system. It is also commonly suggested that the BS is always situated at a high location, and the AoA spread of different user paths that impinges at the BS are well separated, but this is not the case in industrial scenarios, short distance propagation i.e. mm-Wave channels [1] , [3] .
In contrast to the literature, our proposed approach to find the hybrid D-A precoders and combiners aims to maximize the achievable uplink rate and eliminate interference due to the same AoAs of the multi-user hybrid D-A massive MIMO mm-Wave system directly. The achievable uplink rate of the system is given by
where SINR k is the signal-to-interference-plus-noise ratio (SINR) of the user k which is presented as
Our prime target is to maximize the achievable uplink rate of the hybrid D-A precoding and combining system and simultaneously reduce the system interferences that are combinationally generated from overlapped AoAs problems and multi-streams transmission data at the BS. To accomplish our target, we optimize the analog precoder j j j RF k , combiner A A A, and the digital combiner d d d k . Therefore, the optimization problem is formulated as
where the first and second constraints in (12b), and (12c), are subjected to the non-convex constant modulus constraints, restricting all the non-zero elements to have the same amplitude in the analog domain of the user and BS sides. Unfortunately, this makes Problem (12a) less tractable. Practically, harvesting the potential gain of nulling the overlapped AoAs interference in the analog beamformers, aids to reduce the quantization noise. This concurrently relieves the degrees of freedom necessity at the digital combiner and thus technically decreases the required number of RF chains in the hybrid D-A system. In this situation, the analog beamformers need to be precisely designed to alleviate interference due to comparable AoAs as much as possible, as well as correspondingly adjust the analog precoder.
In the following section, the analog and digital precoders and combiners are designed for multi-user hybrid D-A massive MIMO mm-Wave systems for attaining the target of the optimization Problem (12a).
IV. PROPOSED HYBRID D-A PRECODER AND COMBINER
The aim is to design hybrid D-A schemes that help in maximizing the effective gain for a particular user and concurrently reducing the system interference in both the analog and digital precoders and combiners. The analog precoder j j j RF k for each user k is designed based on knowledge of H H H k , and then the analog combiner A A A is designed at the BS. The effective uplink analog channel coefficients between the receiver and transmitter are collected in a consolidated matrix that is denoted as H H H EF . All the analog precoder vectors are combined in a matrix as
Then, the channel of each user in a matrix is represented as
thus H H H EF is expressed as H H H EF
The diagonal entries of H H H EF denote the desired effective uplink analog channel gains, whereas the off-diagonal entries consist of the analog interference due to the same AoAs and also the digital multi-stream interference, which is shown as
For this reason, in what follows, the designing of the analog precoders and combiners must be precise, initially maximizing the diagonal elements of H H H EF , then sequentially vanishing the off-diagonal elements. Importantly, the digital combiner will be designed such to further decrease the off-diagonal entries effects. The k-th diagonal term of H H H EF is represented as
Note here, the analog precoder and combiner are designed in the system separately, to reduce the complexity of the system and also evade any extra information that can be VOLUME 7, 2019 exchanged between the receiver and transmitter. The proposed framework of the steps and algorithms that enhance the received signal-to-noise ratios (SNR) as well as nulling the interference consists of three key steps, discussed in detail in the following subsection. Firstly, the analog beamformers j j j RF k and A A A are designed under non-convex constant modulus constraints (12b) and (12c), respectively, for each user intending to maximize particularly the corresponding effective uplink analog channel gains. Secondly, to tractably mitigate the interference from the same AoAs, PI is proposed for forming the analog precoder, followed by a ROSt method under orthogonal constraints to design the analog combiner. Thirdly, to further diminish the effect of the interference in the system, an MMSE solution is adopted which aims to design the digital combiner based on the effective uplink analog channel gains.
A. ANALOG PRECODER DESIGN
As defined previously, j j j RF k is the analog precoder of each user k which is implemented by phase-only. To exploit the potential gains that each user possesses in its channel H H H k , a PI algorithm is proposed to calculate only the eigenvector that corresponds to the largest eigenvalue of a matrix. This algorithm involves multiplying the diagonalized matrix by a randomly chosen vector, and iteratively normalizing and multiplying the matrix by the normalized vector from the previous step. After efficiently computing the largest eigenvalue and denoting the corresponding eigenvector of a diagonalizable matrix, we then extract the phase of the eigenvector that is corresponding to the largest eigenvalue to precisely create the analog precoder j j j RF k at each user. Suppose P P P = H H H H k H H H k where P P P ∈ C N t ×N t , is Hermitian and a diagonalizable matrix. In linear algebra, a square matrix P P P is called diagonalizable if it is similar to a diagonal matrix i.e., if there exists an invertible matrix of P P P that is diagonal [26] , [27] . Therefore, P P P consists of N t linear independent eigenvectors u u u 1 , u u u 2 , . . . , u u u N t where u u u N t ∈ C N t ×1 with corresponding eigenvalues of γ 1 , γ 2 , . . . , γ N t , such that P P Pu u u e = γ e u u u e for e = 1, . . . , N t . For the convergence analysis, those eigenvalues are organized in a way that |γ 1 | ≥ |γ 2 | ≥ · · · ≥ |γ N t |, where γ 1 is the dominant eigenvalue with a corresponding eigenvector of u u u 1 . In PI, suppose that a random given vector v v v 0 ∈ C N t ×1 is an approximation to an eigenvector of P P P with ||v v v 0 || = 1 and v v v 0 H u u u 1 = 0, continually multiply by P P P, producing a sequence
where α = 1, 2, · · · is denoted as the number of iterations. As P P P is a diagonalizable matrix, each vector is a linear combination of the eigenvectors which is represented as
where c 1 = 0 is a normalizing constant
As |γ 1 | ≥ |γ e | for e = 2, . . . , N t , it follows that the coefficients of u u u e where e = 2, . . . , N t , converge to zero as α → ∞. Therefore, as α increases the vector P P P α v v v 0 develops an increasingly significant component in the direction of converging eigenvector u u u 1 . In PI, the accuracy of an approximate eigenpair v v v α , γ α , is to compute the norm of the so called residual vector
Furthermore, the stopping criterion in PI is introduced as
Note here, that when at the first stage v v v 0 is to the initial vector u u u 1 from matrix P P P, this algorithm does not converge to an exact solution. To avoid this limitation, in this paper an extra initial step is proposed for helping PI to not iterate On the other hand, when cos (v v v 0 , u u u 1 ) = 0, this will trigger the scheme to start and find the largest eigenvalue with a corresponding eigenvector. The normalization step is defined as
After finding the eigenvector and eigenvalue by utilizing PI in Algorithm 1, the analog precoder j j j RF k is proposed as the eigenvector which corresponds to the largest eigenvalue with an element-wise normalization to satisfy the non-convex constraint (12b), of phase shifters, represented as
where arg(x) generates an element containing the phase of the entries of the element x, which results in, e is the phase of the eth element in u u u 1 2 , then then then stop end for.
to design the analog combiner in order to shed further light on the significance of maximizing the diagonal elements while handling interference of off-diagonal elements of H H H EF .
B. ANALOG COMBINER DESIGN
In this subsection, the essential challenge is to design the analog combiner that simultaneously satisfies the non-convex constraint (12c), assisting to maximize the diagonal of H H H EF and to actively reduce the off-diagonal elements that represents the interference of the system. Unfortunately, the constraint (12c) in Problem (12a) is non-convex which can result in a high computational complexity to the system to solve since it cannot be relaxed directly. Therefore, a novel efficient method to deal with this constraint is to convert it into an additional unitary condition such that W W W H W W W = I I I N RF . The reformulations of Problem (12a) can be expressed after replacing the analog combiner matrix A A A with the matrix W W W ∈ C N r ×N RF , as (22a) is defined over a novel ROSt based on the Stiefel manifold which is of interest in the study of geometry, topology, and analysis [28] , [29] . The standard notation of the Stiefel manifold is S N r N RF
. The reason for selecting the (compact) Stiefel manifold is that it is the Riemannian submanifold of orthogonal matrices [28] , [29] . Therefore, we only use the orthogonal Stiefel manifold matrices W W W ∈ S is proposed to find the optimal W W W ; 1) the tangent space refinement; 2) Riemannian gradient; 3) retraction.
Step . The tangent space consists of a tangent vector ξ of the curves which is represented by a matrix ξ ξ ξ ∈ C N r ×N RF , thus, the tangent space at point W W W can be depicted as
In a manifold, each tangent space is given by an inner product. In this algorithm, Riemannian metric is used as the inner product which varies smoothly from point to point and is represented as
Step-2 The Riemannian Gradient: the Riemannian gradient of f at point W W W is simply the linear projection of the ordinary gradient of f onto the tangent space. Therefore, the Riemannian gradient of the function at W W W is defined by computing the gradient of gradf (W W W ), in the usual way, then projecting the Euclidean gradient f (W W W ) firstly onto the tangent space
, and then to the Stiefel manifold
where f (W W W ) named the Euclidean gradient of (22a), which is derived in (26) , as shown at the bottom of the next page, where g g g k = W W Wd d d k , in this stage only the digital combiner is assumed to be an identity matrix I I I N RF .
Step-3 The Retraction:
is another concept which maps every vector from a given point W W W along a prescribed direction ξ ξ ξ while remaining on the manifold, and is expressed as
designates the N r × N RF orthonormal factor of the polar decomposition of (W W W + ξ ξ ξ ). For example, if = (W W W +ξ ξ ξ ), then to compute the polar of , a thin SVD is used which means = T , and polar( ) = T . In order to guarantee that the objective function is non-decreasing at each iteration α, the Armijo backtracking line step of length ε and the Polak-Ribiere parameter [28] are defined and tracked in Algorithm 2. On manifolds, it is necessary to compare vectors belonging to different tangent spaces. Ideally, the gradient at the current iteration is combined with the search direction followed at the previous iteration. To combine them, a mathematical tool capable of computing the transport vectors [29] of the tangent vector ξ ξ ξ at W W W α to W W W α+1 is used, which is represented as
. (28) and is applied as given in step 6 of Algorithm 2 which provides the architecture of ROSt algorithm based on Stiefel
find the transport; Select Polak-Ribiere γ α+1 ; ξ ξ ξ α+1 = −κ κ κ α+1 + γ α+1 (ξ ξ ξ α ) + the new conjugate direction; α ← α + 1; Until Until Until a stopping criterion triggers. manifold optimization. To ascertain that Algorithm 2 based on the ROSt converges, suppose W W W α to be an infinite sequence of iterations originated by Algorithm 2 which resulting accumulation point is a critical point of the defined cost function. Therefore, in theorem 4.3.1 in [29] and section 4.1 in [30] , it has been proven that the convergence on manifolds is guaranteed.
One of the main points of selecting (22a) to be the Euclidean gradient when designing W W W instead of only focusing on the desired user (i.e., the diagonal elements of H H H EF ), is also to effectively design an optimal W W W that assists in keeping the off-diagonal effective uplink analog channel elements small. To clarify this conceptually, the receiver has to apply the same analog beamforming matrix to combine all K users' data. The optimal W W W already consists of K columns of optimal vectors [w w w * 1 , w w w * 2 , . . . , w w w * K ], where w w w k ∈ C N r , which guarantees the fairness among all K users. Then mathematically each vector can simultaneously maximize its corresponding gain w w w * k = argmax , then the minimum value can be achieved when A A A has the same phase components as W W W ,
where arg(X X X ) generates a matrix containing the phases of the entries of the matrix X X X . Ideally, as all the elements in A A A have a constant modulus, the phases of all the elements in A A A are the same as the elements of the corresponding orthonormal W W W . This point is proven by utilizing the properties of complex numbers [31] . Thus the proposed solution in (25) satisfies the constraint in (12c). Note here, a metric is defined based on the diagonally
, for illustrating the robustness of the proposed algorithms PI and ROSt. This metric is introduced as
where H H H EF k,k is the diagonal element in each row, and H H H EF
is the off-diagonal element in the same row of H H H EF , respectively. For comparison, we suppose there are three users transmitting through a common scattering scenario, where the number of RF chains equals the number of users i.e., N RF = K = 3 and N t = 4 and N r = 16. Now, several H H H EF are generated by different algorithms, the proposed methods (PI and ROSt), iterative hybrid based OMP [18] , GS [17] , OMP [12] , and MRC [11] and their Ratios are compared in Fig. 7 in which each bar represents a row of H H H EF . It can be noticed that the diagonal entries of H H H EF that are generated by our proposed algorithms attain higher values compared to the off-diagonal elements and, consequently, a superior Ratio is obtained. Intuitively, it can be also recognized that the off-diagonal values of the other compared algorithms are close enough to the diagonal values which affects the Ratio directly and makes it always close to one. Ultimately, ROSt as summarized in Algorithm 2, achieves the target of designing an analog combiner A A A for maximizing the desired user and assisting in reducing all the off-diagonal elements effects.
C. DESIGN OF DIGITAL COMBINER
In this subsection, after having accomplished the design of the analog precoder and combiner, a next important step is the design of the digital combiner. The digital combiner is proposed based on MMSE by exploiting the effective uplink analog channel gains. For each user k, its effective uplink analog channel gains can be defined ash h h k = H H H k j j j RF k ∈ C N r . Therefore, the optimal MMSE combiner, which helps in further decreasing the off-diagonal elements, is designed as [12] 
whereH
that is obtained from (31) based on the effective uplink analog channel can efficiently be applied for making the off-diagonal elements have lower impact on the desired diagonal elements. To sum up, the hybrid D-A precoders and combiners for the multi-user massive MIMO mm-Wave system in industrial scenarios were designed in a way to mitigate the system interference in both analog and digital precoders and combiners.
V. AOA ESTIMATION FOR HYBRID D-A MM-WAVE SYSTEMS
The aim of this section is to show how the proposed two-steps method can estimate the AoAs for the mm-Wave signals by exploiting the detection of the point that represents the most focused power in the scattering scenario. This power point can be represented as (q z l km , r z l km ), as illustrated in Fig. 8 . In [33] , it has been discussed that each scattering point consists of a group of power points and that one of those power points, most probably the centre point, produces the strongest lth path as depicted in Fig. 8 . The work in [33] exploited the point that has most of the power around it, to idealize the scattering function in frequency-wavenumber space in order to evaluate the performance of detectors. Specifically, this theory is proposed now as one of the main stages in estimating 1.7 [33] is denoted as the minimum step search that relies on the number of antennas N b employed for the AoAs search. The main concept of using such a step is to search among a range of angles and find which angle can achieve the minimum estimation error. The normalized estimation error criteria based on the estimated angles and the given channel, are applied as a performance metric E rr formulated as E rr = 10 log 10
The zenith and azimuth angles that achieve the minimum estimation error between the estimation channel and the given channel are chosen as the estimated angles for the mm-Wave signals.
With the aforementioned criterion, we provide an estimation approach for the mm-Wave signals that suffered also from the overlapped AoAs by finding the estimated angles that constructively minimize the normalized estimation error criteria between an estimation channel and the given channel. .
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VI. SIMULATION RESULTS
In this section, simulation results are provided to evaluate the performance of the proposed algorithms. For simplicity, the number of users equals the number of RF chains at the BS. Both BS and users are equipped with UPA, having antenna spacing
The mm-Wave channel as described in Section II is deployed and the number of multipaths for each user is selected randomly from L = 3 ∼ 10 [8] , [21] , [34] . For all figures, the number of scatters is randomly selected between (3 ∼ 20) scatters with a pre-defined probability so that users share common scatters, also each scatter has unit average power. The AoAs and AoDs are generated independently from the uniform distribution with the mean cluster angle uniformly distributed over [0, 2π] , whereas the angle spread is set to 7.5 [8] , [21] , [34] . The BS is equipped with N RF = K = 6, N r = 128, and each user is built with N t = 16. For fair comparison, any ZF solution in the literature algorithms is replaced by an MMSE solution. Fig. 9 illustrates the effect of the correlation between the channel vectors of different users in a mm-Wave system on the achievable uplink rate when the SNR is set as −10 dB. There is a strong relation between the scattering environment and the orthogonality of the channel of users. It is seen that all the algorithms achieve lower performance when the correlations approach 0 dB. This shows, that when most of the propagation paths of the two users share most of the scattering points, their signals overlap at the BS, and the correlation between the channel vectors is strong which loses orthogonality. Our proposed algorithms attain a higher achievable uplink rate than the other algorithms at the practical from −20 dB until 0 dB, regime when there is a high correlation between users.
In Fig. 10 and Fig. 11 , we investigate the achievable uplink rate as a function of SNR for two users, where the correlation is fixed at −10 dB and −5 dB, respectively. It can be seen that when the correlation is low at −10 dB in Fig. 10 all algorithms achieve a higher uplink rate compared to Fig. 11 when the correlation value is set as −5 dB at all SNR values. Intuitively, when the correlation of the channel vectors of these users increases due to the propagation paths sharing most of the common scattering points in the range and arrive with overlapped AoAs, the interference at the BS increases sharply which drastically reduces the performance of the system. It can be seen that the proposed algorithms are superior to the existing algorithms and perform closely to the fully digital MMSE, as the analog domain is designed directly to decrease the correlation effect resulting in a higher achievable uplink rate. Fig. 12 displays the effect of the interference on the achievable uplink rate of hybrid D-A massive MIMO mm-Wave systems when some of the propagation paths share some common scatters. We have K = 6 users and the correlation between each two users is randomly selected, but within the high correlation range (−20 ∼ 0) dB. Further, the number of scatters is set to 12, there are 4 clusters and L km = 5. We randomly select (3 ∼ 5) scatters from an existing set of scatters with a pre-defined probability that users share common scatters, also each scatter has unit average power. The fully digital MMSE system and the hybrid D-A based on iterative hybrid based OMP [18] , GS [17] , MRC [11] and OMP [12] algorithms are applied for comparison. The practical regime of the correlation between users varies from user to user in the system. For instance, when two users share most of the common scatters, then their correlation could be −6 dB, but in the case that there is no sharing between these users the correlation could be −18 dB. Noticeably, the hybrid D-A based on the proposed algorithms gain higher achievable uplink rates than the existing hybrid D-A based on iterative hybrid based OMP [18] , GS [17] , MRC [11] and OMP [12] algorithms, as expected. Although the iterative hybrid based OMP and GS algorithm are built to decrease the overlapped AoAs interference, they have a noticeable gap from the fully digital MMSE system, which proves that the correlation interference has not been efficiently removed. Furthermore, MRC [11] and OMP algorithms [12] have a large gap with our proposed algorithms and the fully digital MMSE, because the interference that is created due to the common scattering fades their performance improperly. Fig. 12 represents the practical scenario with users physically moving, which affects the correlation values to either increase or decrease, and our designed algorithms attain reasonable performance.
The achievable uplink rate as a function of the number of users is shown in Fig. 13 . In industrial scenarios the number of users is high and varying from spot to spot which influences the users correlation values. The correlation between two users in Fig. 13 is also guaranteed to be in the high correlation range (−20 ∼ 0) dB at SNR = −10 dB. It can be observed that the achievable uplink rates of the proposed PI and ROSt algorithms significantly outperform the iterative hybrid based OMP [18] , GS [17] , MRC [11] and OMP [12] algorithms, especially when the number of users is large. The reason is, that as the number of users grows, more users share a small number of scatters resulting in a correlation increase between two users which generates high interference in the system. It is obvious that the iterative hybrid based OMP, and GS algorithm suffer from the high number of users, which makes both algorithm's curves bend toward the OMP curve. The existing MRC [11] and OMP [12] algorithms have not designed their hybrid D-A to reduce the effects of the interference due to common scattering in the system.
In Fig. 14 , the estimation error performance as a function of the estimation channel and the given channel versus the number of antennas at the BS is illustrated. The performance of the proposed estimation method as compared to HBT improves significantly when the number of antennas increases from 10 to 20. The reason is that in our proposed estimation method the search stage can quickly improve the accuracy of the estimation channel by examining all antennas in both axes which acquires better estimation. AoA estimation in HBT suffers from the overlapped sectors problem, thus a reduced number of sectors in the space is always recommended. As a consequence, the performance of HBT for estimating the AoA will be inaccurate and having high estimation errors.
The normalized mean square error (MSE) of the estimation channel for both the proposed method and HBT is presented in Fig. 15 . The configurations in which both the transmitter and the receivers are equipped with N t = 8, 32 and N r = 64, 128 antennas are compared. The channel model is set as 4 clusters, 10 scatters and L km = 3. For all number of antennas, the MSE achievements of the proposed method are superior to those of HBT. It can also be seen that by increasing the number of antennas, the MSE performance diminishes for both methods. Because the accuracy of both methods grows significantly, take SNR= 16 dB as an example, the MSE of 128 antennas is around 38% better than that of 64 antennas in our proposed method. Fig. 16 shows the convergence behavior of the ROSt algorithm and PI algorithm at 0 dB SNR. The channel model parameters are set as 4 clusters, 8 scatters and L km = 3. The performance achieved is averaged over 10, 000 independent realizations of the channel. The curves in the figure show that the PI algorithm converges within 6 iterations, which is considerably faster than ROSt. The simple framework and the normalizing step of the PI algorithm actively enhance the convergence speed to reach a steady state swiftly. On the other hand, the ROSt algorithm converges within 16 iterations which is slower than the PI algorithm. The retraction step in ROSt needs more mathematical operations to pass to the next step, as was predicted in our analysis and discussions.
In Fig. 17 , we consider binary phase-shift keying (BPSK) transmission to illustrate the bit-error-rate (BER) performance versus SNR when N RF = K = 4, N t = 16 and N r = 128. The parameters of the channel are described as 4 clusters, 10 scatters, and L km = 3. The proposed hybrid D-A based on ROSt and PI algorithms has a better BER performance over the hybrid D-A than the existing algorithms. These results agree with our previous analysis and simulations where our proposed algorithms have focused on eliminating the interference that are initialized due to overlapped AoAs and the multi-streams from the off-diagonal elements of H H H EF . This results in attaining a reasonable BER performance when compared with the fully digital MMSE system.
VII. CONCLUSIONS
This paper investigated the effect of the overlapped AoAs scenario on the achievable uplink rate of hybrid D-A massive MIMO mm-Wave systems in an industrial scenario. Measurements utilizing a mm-Wave system with a carrier frequency of 28 GHz have been collected in an industrial environment. Experiments show that due to the uplink signals transmitted via the common scatters, users suffer from a non-negligible interference in the system when the correlation between channel vectors increases. Hybrid D-A was proposed for the aim of maximizing the desired signal while minimizing the system interference that was generated from overlapped AoAs at the BS during simultaneous uplink transmission. Therefore, the analog part of the novel precoders and combiners was based on the reliable PI algorithm at the user and the ROSt algorithm at the BS. Then, the digital combiner was formed by applying MMSE and exploiting the effective uplink analog channel gains. Importantly, the channel estimation for hybrid D-A was examined by proposing a two-steps procedure. First, the strongest power point in each scattering point was formulated. Then, the accuracy of this procedure was actively improved by proposing a search method based on the angular domain scheme. Simulation results showed significant achievable uplink rate performance advantages of the proposed PI and ROSt algorithms, over the existing algorithms such as the iterative hybrid based OMP, GS, OMP, and MRC algorithms for overlapped AoAs scenarios. Ultimately, the proposed estimation method attains lower error estimated channels than the recently developed HBT scheme. Remaining at The University of Warwick, he then progressed through several Research Fellow positions, in association with some of the UKs leading defense and telecommunications companies before undertaking two years as a Senior Teaching Fellow in telecommunications, electrical engineering, and computer science subjects. In July 2012, he was promoted to the position of Assistant Professor, where his research focused on optical, nano, and molecular communications. Whilst is this position, he set up the Vehicular Communications Research Laboratory, which aimed to enhance the use of communications systems within the vehicular Space. In March 2016, he was promoted, and appointed as an Associate Professor at WMG, working in the area of connected and autonomous vehicles, where he leads the ICT and 5G themes of the group. He is a Senior Member of the FHEA, a member of the EPSRC CommNet2, and a member of the EPSRC Peer Review College.
